Premise of research. The clusioid clade is a member of the large rosid order Malpighiales and contains ∼1900 species in five families: Bonnetiaceae, Calophyllaceae, Clusiaceae sensu stricto (s.s.), Hypericaceae, and Podostemaceae. Despite recent efforts to clarify their phylogenetic relationships using molecular data, no such data are available for several critical taxa, including especially Hypericum ellipticifolium (previously recognized in Lianthus), Lebrunia, Neotatea, Thysanostemon, and the second-oldest rosid fossil (∼90 Ma), Paleoclusia chevalieri. Here, we (i) assess congruence between phylogenies inferred from morphological and molecular data, (ii) analyze morphological and molecular data simultaneously to place taxa lacking molecular data, and (iii) use ancestral state reconstructions (ASRs) to examine the evolution of traits that have been important for circumscribing clusioid taxa and to explore the placement of Paleoclusia.
Introduction
The clusioid clade belongs to the large angiosperm order Malpighiales . It includes five families (Bonnetiaceae, Calophyllaceae, Clusiaceae sensu stricto [s.s.], Hypericaceae, and Podostemaceae; APG III 2009; Wurdack and Davis 2009; Xi et al. 2012 ) representing 89 genera (Ruhfel et al. 2011 ) and ∼1900 species (Stevens 2001-) . Habitats and growth forms in the clusioid clade show extreme variation, from large tropical rainforest trees to diminutive aquatic plants of swift-flowing waterways. Their distribution is nearly cosmopolitan, but species diversity is greatest in the tropics. The dicated that several genera were not monophyletic as traditionally circumscribed. However, several important taxa representing a broad range of morphological diversity within the group were excluded from these analyses. This is because (i) specimens were unavailable for investigation, (ii) genomic DNA extractions from available material were unsuccessful, or (iii) the taxon is a fossil. These taxa include especially Hypericum ellipticifolium H.L. Li (previously placed in the monotypic genus Lianthus, China; Hypericaceae), Lebrunia (monotypic, Africa; Calophyllaceae), Neotatea (four species, South America; Calophyllaceae), Thysanostemon (two species, South America; Clusiaceae s.s.), and an extinct taxon from the Turonian (∼90 Ma), Paleoclusia chevalieri Crepet & Nixon. A companion morphological data set of the clusioid clade can provide an independent assessment of the current molecular-based phylogeny and, when analyzed in combination with molecular data, may allow us to place these missing taxa.
Several recent studies have indicated that a combined analysis of morphological and molecular data can greatly clarify the phylogenetic relationships of taxa for which molecular data are unavailable. This is especially true when morphological data are informative and do not exhibit strong conflict with molecular data and when the overall number of characters scored is large (Wiens 2003 (Wiens , 2009 Wiens and Moen 2008) . A morphological data set will also allow us to conduct ancestral state reconstructions (ASRs) to understand patterns of morphological evolution in the clusioids. This will shed light on the evolution of morphological traits that have been important for circumscribing taxa within the group. Furthermore, the placement of taxa lacking molecular data, especially the fossil taxon Paleoclusia, will be critical for our efforts to infer the biogeographic history of the clusioid clade. The inclusion of fossils in phylogenetic analyses is especially important because they can greatly influence the phylogeny, increase our understanding of character evolution, and inform estimates of clade ages (Donoghue et al. 1989; Pennington et al. 2004; Olmstead and Scotland 2005) .
Paleoclusia chevalieri (Crepet and Nixon 1998 ) is one of the oldest (∼90 Ma) macrofossils that can be readily assigned to an extant rosid clade (Crepet et al. 2004; Schö nenberger and von Balthazar 2006) as well as the oldest fossil in Malpighiales (Davis et al. 2005 ). As such, it has been used as a fossil constraint in numerous studies aimed at estimating the divergence times of major angiosperm clades (Crepet et al. 2004; Davis et al. 2005; Magalló n and Castillo 2009; Wang et al. 2009; Bell et al. 2010; Arakaki et al. 2011; Clarke et al. 2011; Xi et al. 2012) . In their phylogenetic analysis of Paleoclusia, Crepet and Nixon (1998) placed it as sister to Clusia ϩ Garcinia (Clusiaceae s.s.). Since their discovery, however, there have been major advances in our understanding of angiosperm phylogeny. Of particular relevance is that Clusiaceae sensu lato (s.l.) are not monophyletic; they previously included members of Calophyllaceae, Clusiaceae s.s., and Hypericaceae (Wurdack and Davis 2009; Ruhfel et al. 2011) . Additionally, the aquatic Podostemaceae are now also included within the clusioid clade APG III 2009; Wurdack and Davis 2009; Ruhfel et al. 2011) . Earlier efforts to resolve the placement of Paleoclusia did not include many of these newly discovered clusioid subclades (i.e., Bonnetiaceae, Calophyllaceae, and Podostemaceae). Finally, the sampling by Crepet and Nixon (1998) included many ingroup taxa now known to be distantly related to Malpighiales. For example, they included several members of the asterid clade (e.g., Ericaceae and Theaceae s.l.). For these reasons, a more up-todate analysis with improved taxon and character sampling is needed to reexamine the placement of this critical fossil rosid taxon.
Given the importance of Paleoclusia as a major reference point for understanding the timing of angiosperm diversification, determining an accurate phylogenetic placement of this fossil is essential. Paleoclusia is especially important for understanding the evolution of rosids, which contain more than one-quarter of all angiosperm species and represent most lineages of forest trees in temperate and tropical areas worldwide (Wang et al. 2009 ). Many of our most important crops are also members of the rosid clade, including legumes (Fabaceae) and numerous fruit crops (e.g., Rosaceae). Furthermore, the rosids have received intensive genomic investigation: whole draft genomes are now available for Arabidopsis (Arabidopsis Genome Initiative 2000), Carica (Ming et al. 2008) , Cucumis (Huang et al. 2009 ), Glycine (Schmutz et al. 2010) , Lotus (Sato et al. 2008) , Malus (Velasco et al. 2010) , Fragaria (Shulaev et al. 2011) , Populus (Tuskan et al. 2006) , Ricinus (Chan et al. 2010) , and Theobroma (Argout et al. 2011 ). Thus, determining the placement of Paleoclusia is a critical aspect of understanding angiosperm diversification, including biome and genome evolution.
In this study we present phylogenetic hypotheses of the clusioid clade derived from morphological, molecular, and combined morphological and molecular data. Our goals for this study are to (i) assess congruence of topologies inferred from morphological and molecular data, (ii) analyze the morphological data simultaneously with molecular data to better place clusioid taxa for which molecular data are unavailable, and (iii) use ASRs to examine the evolution of traits that have been important for circumscribing clusioid taxa and to further explore the placement of Paleoclusia.
Material and Methods

Taxon Sampling
Taxa scored for morphology were selected to represent all extant genera of Bonnetiaceae, Calophyllaceae, Clusiaceae s.s., and Hypericaceae following Ruhfel et al. (2011) , plus Paleoclusia chevalieri (Crepet and Nixon 1998) . Within Podostemaceae three taxa representing well-supported subclades (Kita and Kato 2001; Moline et al. 2007; Ruhfel et al. 2011) were included to represent the subfamilies Podostemoideae, Weddellinoideae, and Tristichoideae. In many cases we included more than one representative from morphologically diverse genera (e.g., Clusia, Garcinia, Hypericum; see table 1) to better encompass their diversity. The molecular phylogeny of Ruhfel et al. (2011) revealed that the genera Santomasia, Thornea, and Triadenum were well supported as nested within Hypericum (cf. Nü rk et al. 2013 for Thornea) . It is likely that Lianthus, a genus for which molecular data are unavailable, is also nested within Hypericum. Lianthus shows strong morphological affinities with Thornea and Triadenum (Robson 2001; Ruhfel et al. 2011) . Species of these four genera have previ- Note. An ellipsis indicates that molecular data were not available for that taxon. The clade names for the morphological taxa Hypericum Ascyreia s.l. and Hypericum Euhypericum are based on informal clade names given to well-supported clades in Nü rk et al. (2010) . Following Ruhfel et al. (2011) , species in the Hypericaceae genera Lianthus, Santomasia, Thornea, and Triadenum are treated here as species of Hypericum. For composite morphological terminals representing segregate genera now considered to be included in Clusia, Garcinia, and Hypericum, former names are indicated in parentheses.
a Composite terminal.
ously been described as members of Hypericum, and we treat them as such here following Ruhfel et al. (2011;  see table 1) . Terminals scored for morphology included a mixture of single species and composite placeholders (see table 1 ). Composite terminals encompass several species and were mostly defined based on well-supported clades identified by Ruhfel et al. (2011) . In addition, some composite terminals for Hypericum (Hypericum Ascyreia s.l., Hypericum Euhypericum, Hypericum sect. Adenotrias, Hypericum sects. Brathys ϩ Trignobrathys, Hypericum sect. Elodes, and Hypericum sect. Myriandra) were defined based on the molecular results of Nü rk et al. (2010) . Clade names for the composite terminals Hypericum Ascyreia s.l. and Hypericum Euhypericum are based on informal names given to well-supported clades in the latter study. Composite terminals not previously identified in molecular phylogenetic analyses were based on recent circumscriptions by Stevens (2007a Stevens ( , 2007b P. F. Stevens, unpublished manuscript) and are assumed to represent monophyletic groups. Well-known, smaller genera were grouped into multiple terminals if they appeared to be morphologically and or anatomically heterogeneous. For instance, species of Symphonia show great uniformity in flower and fruit, while Marila breaks into two groups delimited by characters of inflorescence, flower, and seed. For large genera such as Clusia and Garcinia our knowledge was much poorer, and we focused on individual species or groups of species that are members of morphologically distinct, and presumably monophyletic, groups. We provide further information about our assumptions in table 1 and appendix A.
Molecular data from Ruhfel et al. (2011) were selected to match our morphological sampling (table 1) ; however, data for the genes used in our study are unavailable for 23 of our 81 ingroup terminals. Each species scored for morphology was analyzed in combination with molecular data from the same species, except for three Clusiaceae s. Morphological data from these species were paired with molecular data from species that are closely related based on morphology or molecular data (Bamps 1966; Sweeney 2008; Ruhfel et al. 2011; P. Sweeney, personal communication) . For composite terminals we included molecular data from a single representative species that is known to be included in that clade (table 1) . For example, the genus Bonnetia is scored as a morphological composite. Thus, in the combined analyses we paired morphological data from the composite terminal Bonnetia with molecular data from Bonnetia sessilis Benth. A recent analysis using complete plastid genomes to resolve broad Malpighiales relationships (Xi et al. 2012) has identified a strongly supported clade containing the clusioids plus Ochnaceae s.l. (including Medusagynaceae and Quiinaceae), Ctenolophonaceae ϩ Erythroxylaceae ϩ Rhizophoraceae, and Pandaceae ϩ Irvingiaeae (family designations follow Xi et al. 2012) . We have included three of these taxa as outgroups in our molecular and combined analyses: Ctenolophon englarianus Mildbr. (Ctenolophonaceae), Ochna multiflora DC. (Ochnaceae s.l.), and Panda oleosa Pierre (Pandaceae). Ctenolophon was used to root our trees. Outgroups were not scored for morphology. In order to infer directionality in our mor- phological topologies, we rooted these trees in a position similar to the ingroup rooting inferred from molecular data (i.e., along the branch connecting Bonnetiaceae ϩ Clusiaceae s.s. with Calophyllaceae ϩ Hypericaceae ϩ Podostemaceae; Ruhfel et al. 2011; Xi et al. 2012) . Crepet and Nixon (1998) placed Paleoclusia as a member of Clusiaceae by analyzing morphological data in a phylogenetic framework. They also indicated that the fossil has several distinctive characters that suggest a placement in the clusioid clade, including an aril, a fasciculate androecium, the presence of resin canals, a short style, and possible dioecy. We further verified its placement as a member of the clusioid clade using two interactive keys: Watson and Dallwitz (1992-) and Nixon (http://www.plantsystematics.org). Both keys identified Paleoclusia as a member of Clusiaceae s.l.: Watson and Dallwitz included all five clusioid families; Bonnetiaceae and Podostemaceae, however, were absent from the Nixon key. For the purposes of this exercise we considered resin/latex as present in Paleoclusia due to the secretory canals observed in the ovary (Crepet and Nixon 1998 ), but we did not recognize the presence of an aril (see below). A broad phylogenetic analysis including morphological data from all major groups of angiosperms (Nandi et al. 1998) could be the ultimate test of Paleoclusia's phylogenetic placement; however, this is outside the scope of our study. Given the previous phylogenetic placement of Paleoclusia with Clusiaceae s.l. and the results of our keying exercise, we have confidence in the assignment of Paleoclusia to the clusioid clade.
Morphological Data
Sixty-nine discrete (binary or multistate) morphological characters (characters 1-69 in app. C, available online) representing vegetative and reproductive structures were scored for 81 clusioid taxa, including Paleoclusia (see table 1; app. A; see also app. C; table C1). An additional 57 characters were initially examined but not included for various reasons (see app. C for details). Crepet and Nixon (1998) scored 61 characters in their morphological matrix; however, only 16 of those characters are similar to those used here. This discrepancy is partly due to their selection of characters that could be scored broadly across asterid (e.g., Ericacecae and Theaceae) and rosid (e.g., Hypericacecae and Clusiaceae s.s.) lineages. In contrast, our study focuses on the five closely related clusioid families, which necessitates a different set of characters. Scoring of taxa was in all cases based on direct observations unless otherwise indicated. Morphological data for the composite Hypericum terminals defined in Nü rk et al. (2010; see above) were taken from Nü rk and Blattner (2010) . Tovomitopsis and the subfamilies of Podostemaceae were also scored from the literature (Engler 1888; Wanderly et al. 2001; Cook and Rutishauser 2007) .
Problems with the delimitation of character states have been discussed by Gift and Stevens (1997) and Stevens (1991 Stevens ( , 1996 Stevens ( , 2000 . For a study like this, whether to include the all-toooften "unrepresentative" character states of single species presents a difficult choice. Individual species in composite terminals, such as Calophyllum, or species in parts of genera that are not incorporated in this study may show variation that seems to be at odds with our scoring. Thus, abaxial palisade layers of mesophyll tissue (character 21) occur sporadically, as in some species of Clusia (Vesque 1892) , in Garcinia aristata Griseb. (the Rheedia group), and in Calophyllum ardens PF Stevens. For such taxa that are members of composite terminals, such sporadic variation is not represented in our scoring since as best as can be estimated, this variation is likely to represent a derived state.
Paleoclusia was scored for ∼45% of our morphological characters (i.e., 31 of 69). We were unable to score most vegetative and anatomical characters for this taxon because only fossilized flowers have been found. Our character scoring was largely similar to that of Crepet and Nixon (1998) in those characters that were overlapping. The lone exception is that we scored Paleoclusia as lacking an aril. In all extant Clusieae the aril surrounds the seed ( fig. 1 ), but in Paleoclusia it appears to be adjacent to the seed (figs. 28, 29 in Crepet and Nixon 1998) . In addition, the structure in question in Paleoclusia has a cell wall pattern that is very similar to that found on the seeds (figs. 28, 30 in Crepet and Nixon 1998). Thus, it seems more likely that this structure is an aborted seed rather than an aril (Stevens 2001-; see discussion published August 2010) .
Dioecy is known to occur in several clusioid clades (Calophyllum, Clusieae, Clusiella, Garcinieae, and Mammea; Dunthorn 2004; Martins et al. 2007; Stevens 2007a; Sweeney 2008; Leal et al. 2012 ) and may have evolved multiple times in Calophyllum (Stevens 1980; Vamosi 2006; Vela 2010) . Our scoring of Calophyllum as dioecious thus provides a minimum bound on the number of origins of dioecy in the clusioid clade. The presence/absence of dioecy was scored and used for ASRs but not in phylogenetic reconstruction. This decision was made for two reasons. First, it is likely that dioecy is homoplasious across the clusioids. Second, it is unclear whether Paleoclusia is dioecious; stamens of Paleoclusia mostly lack pollen, but in some anthers, pollen is present (Crepet and Nixon 1998) . We thus felt that its inclusion might have a biased effect on the placement of Paleoclusia.
Finally, the vegetative morphology of Podostemaceae has been difficult to interpret and has complicated their comparison to other angiosperms (Cusset and Cusset 1988; Cook and Rutishauser 2007; Stevens 2007b) . Recent developmental studies support this complexity and suggest that vegetative organs in some Podostemaceae may be a mixture of leaf and shoot identity (Katayama et al. 2010; C. T. Philbrick, unpublished data) , which makes them difficult to compare with other clusioids. Because it is unclear which vegetative characters are homologous with other clusioids (Katayama et al. 2008 ), very few vegetative characters were scored for Podostemaceae. In total, 34 of the 69 characters used in this study were scored for at least one representative of Podostemaceae.
Phylogenetic Analyses of Morphological Data
All phylogenetic analyses of the morphological data were conducted with and without Paleoclusia. Maximum parsimony (MP) analyses were conducted with PAUP*, version 4.0b10 (Swofford 2003) , using the parsimony ratchet (Nixon 1999) as implemented in PAUPRat (Sikes and Lewis 2001 ; distributed by D. Sikes at http://users.iab.uaf.edu/∼derek _sikes/software2.htm). We conducted 100 replicates of 200 iterations each with 20% of characters reweighted per iteration. Morphological characters were equally weighted, and character states were unordered. Inapplicable characters were treated as missing data and included in our analyses. Characters coded with multiple states for a single taxon were treated as polymorphic. Bootstrap percentage (BP) support (Felsenstein 1985) for each clade was estimated from 1000 heuristic search replicates using PAUP* (10 random taxon addition replicates, tree bisection reconnection branch swapping, "MULTREESpyes," and holding no more than 10 trees per replicate). Maximum likelihood (ML) analyses of the morphological data were performed using the Mk model of evolution (Lewis 2001 ) with a GAMMA model of rate heterogeneity as implemented in RAxML, version 7.2.6 (Stamatakis 2006 ; available at http://www.exelixis-lab.org). In the Mk model, transitions among all character states are equally probable. The optimal ML tree and BP values were estimated simultaneously using the default settings. The ML BP values were obtained from 1000 bootstrap replicates using the rapid bootstrap algorithm implemented in RAxML (Stamatakis et al. 2008) .
Bayesian inference (BI) of the morphological data was conducted with Mr. Bayes, version 3.1.2 (Huelsenbeck and Ronquist 2001) , using the Mk model with a parameter for rate variation among characters ("ratespgama"). Our coding of morphological characters included only variable characters ("codingpvariable"). To determine the consistency of results from our Bayesian analyses, we conducted two runs, each with two simultaneous replicate searches (four independent searches in total). Each of the replicate searches used eight chains, and the temperature parameter for heating the chains was set to 0.05 to improve the acceptance rates of chain swapping. All searches ran for 30 million generations sampling every 1000 generations. Default priors were used. Convergence was assessed in the following three ways: (i) using Tracer, version 1.5 (distributed by A. Rambaut at http://tree.bio.ed.ac.uk /software/tracer/), to determine stationarity of likelihood and other parameter values; (ii) observing the average standard deviation of split frequencies between runs as reported by MrBayes; and (iii) using the "compare" and "cumulative" functions in AWTY (Wilgenbusch et al. 2004; Nylander et al. 2008) . BI posterior probabilities (PP) were determined by building a 50% majority rule consensus tree after discarding the burn-in generations (first 10% of trees) and pooling the two replicates of the first run. Results of the two replicates from the second run were essentially identical to the results from the first run.
Molecular Data
Our molecular data set included four genes, three plastid (matK, ndhF, and rbcL) and one mitochondrial (matR), sampled from 58 clusioid taxa, plus three outgroups (table 1; app. B). These data were from Ruhfel et al. (2011; TreeBase [http: //www.treebase.org] accession S10995); the alignment was unmodified except to remove indels that were no longer applicable following our taxon adjustments for this study. Prior to analyzing our four genes in a combined analysis, we conducted separate tree searches in the ML framework described below on each single-gene data set. These analyses were conducted to detect potential problems for analyzing these genes simultaneously. We considered two topologies to be at odds if they contained conflicting nodes supported by ≥70 BP (Hillis and Bull 1993) .
Phylogenetic Analyses of Molecular Data
MP, ML, and BI analyses were conducted as described above with the following differences. In the ML and BI analyses, the data set was partitioned by gene with all parameters estimated from the data. In the BI analyses, each partition was allowed to have its own character state frequencies, substitution rates, and gamma shape parameter (i.e., these parameters were unlinked). We selected the best-fitting model for each gene partition with MrModelTest, version 2.3 (distributed by J. A. A. Nylander at http://www.abc.se/∼nylander/), using the Akaike Information Criterion (table 2) . We chose not to estimate the proportion of invariable sites following Ruhfel et al. (2011) .
Phylogenetic Analyses of Combined Data
To assess data set compatibility we first compared the morphological ( fig. 2 ) and molecular ( fig. 3 ) phylogenies for conflicting nodes, i.e., those nodes that disagreed with support greater than 70 BP or 95 PP. Two areas of conflict between the molecular and morphological data sets were detected (see "Results"). To determine whether the morphological and molecular data sets could reject the topology derived from the 
Note. Percent missing data was calculated as the total number of ?s in the analyzed matrix divided by the total number of characters including gaps. Morphological and combined molecular ϩ morphological data set totals include Paleoclusia. Numbers in parentheses are for the maximum likelihood and Bayesian analyses. Models of sequence evolution for the molecular data were chosen by the Akaike Information Criterion using MrModelTest, version 2.3. NA p not applicable.
rival data set, we performed alternative topology tests using the approximately unbiased test (Shimodaira 2002) as implemented in the R software package, scaleboot version 0.3-2 (Shimodaira 2008; distributed by CRAN at http://www.r -project.org). Constraint searches were conducted using ML as above and did not include Paleoclusia. For the molecular data set we conducted two constraint searches. The first constrained Allanblackia to be a member of the Symphonieae clade; the second constrained Garcinia macrophylla Mart. and Garcinia urophylla Scort. ex King as sister taxa. Using the morphological data set we also conducted two constraint searches. The first constrained Allanblackia to be sister to Garcinia p.p. (Rheedia spp.), the second constrained Septogarcinia sumbawaensis (the taxon scored for morphology only that was paired with Garcinia cowa Roxb.) as sister to G. morella. We further explored our data by analyzing several variations of our morphological and combined data sets with different taxon and morphological character sampling. Analyses were conducted with and without Paleoclusia using MP, ML, and BI as outlined above and below.
MP and ML analyses of the combined molecular and morphological data were conducted as described above. ML and BI analyses each had five partitions, one for each gene and one for the morphological data. BI analyses of the combined data using the parameters listed above, however, did not reach convergence in many cases (especially when Paleoclusia was included). To achieve convergence we implemented two changes to our BI search strategy. First, for each Markov chain Monte Carlo search we supplied an optimal ML starting topology without branch lengths from the analysis of that data set. Since supplying a starting tree can inhibit the ability to detect problems with convergence using independent runs, we used the command "npertsp2," which introduces two random perturbations to the starting topology for each chain. Using this strategy, searches reached convergence in most instances but not when Paleoclusia was included. Second, instead of allowing each partition to have its own rate ("rateprpvariable"), we fixed the rate to the average rate across all partitions ("rateprpfixed"). This allowed our BI analyses to achieve acceptable levels of convergence when Paleoclusia was included. For consistency, these two changes were implemented in all BI analyses.
Ancestral State Reconstructions
We used ML ASRs as implemented in Mesquite, version 2.74 (Maddison and Maddison 2010) , to infer the evolution of the 69 morphological characters scored for this study. We examined all characters scored for two reasons. First, we sought to examine characters that have been historically important for determining relationships in the clusioid clade. These include leaf insertion, exudate presence/absence, shape of exudate containing structures in the leaf mesophyll, merosity (sepal number, in particular), androecium arrangement, fasciclodia presence/absence, carpel number, and breeding system (Cronquist 1981; Stevens 2007a Stevens , 2007b Weitzman et al. 2007 ). Second, we sought to determine which characters might shed light on the alternative placements of Paleoclusia.
Ancestral state reconstruction using ML was chosen for two reasons. First, ML reconstructions consider branch lengths; i.e., the longer a branch is, the more likely it is that change may have occurred. Second, ML reconstructions estimate the relative probability of each state at a particular node (Cunningham et al. 1998 ). Data were analyzed using the Mk model with rate parameters estimated from the data. The likelihood decision threshold of 2 was selected (Pagel 1999) to determine the optimal ASRs at each node. Characters were treated as unordered and reconstructed onto the ML topology inferred from the combined data ( fig. 4 ). This allowed us to include the 22 extant taxa that were scored only for morphology. We chose to exclude Paleoclusia from ASRs given its phylogenetic uncertainty ( fig. 5; see below) . Instead, we evaluated the alternate placements of this taxon in light of the ASRs inferred from extant taxa. Care should be taken in interpreting our ASRs because taxa coded as polymorphic, missing, or inapplicable for a character were considered absent from the tree in the ML estimations of ancestral character states (Maddison and Maddison 2010) . Potential implications of this limitation Ruhfel et al. (2011) , species in the Hypericaceae genera Lianthus, Santomasia, Thornea, and Triadenum are treated here as species of Hypericum (see also table 1). For composite morphological terminals representing segregate genera now considered to be included in Clusia, Garcinia, and Hypericum, former names are indicated in parentheses. Bon. p Bonnetiaceae; Crat. p Cratoxyleae; End. p Endodesmieae; Podo. p Podostemaceae.
Fig. 3
Fifty percent maximum likelihood (ML) majority-rule consensus tree of the clusioid clade based on a four-gene (matK, ndhF, rbcL, and matR) molecular data set. Support values ≥50% are indicated: maximum parsimony bootstrap percentages (BP)/ML BP/Bayesian posterior probabilities (PP) converted to percentages. An asterisk indicates maximum support (100 BP or 100 PP). A hyphen indicates that the node was not present in a particular analysis. Following Ruhfel et al. (2011) , species in the Hypericaceae genera Santomasia, Thornea, and Triadenum are treated here as species of Hypericum (see also table 1). For composite morphological terminals representing segregate genera now considered to be included in Clusia, Garcinia, and Hypericum, former names are indicated in parentheses. Bon. p Bonnetiaceae; Crat. p Cratoxyleae; End. p Endodesmieae; Podo. p Podostemaceae. will be addressed in the "Discussion." We also calculated the consistency index (CI; Kluge and Farris 1969; Farris 1989) , retention index (RI; Archie 1989a Archie , 1989b Farris 1989) , and the rescaled consistency index (RC; Farris 1989) for each character as calculated by the program MacClade, version 4.08 (Maddison and Maddison 2005) .
Results
Our analysis of each data set (morphological, molecular, and combined morphological ϩ molecular) resulted in similar topologies with few strongly conflicting nodes (see below). When including Paleoclusia, however, topologies were similar but resulted in a decline in support along the backbone of the tree ( fig. 5 ). Relevant characteristics for each data set are listed in table 2. Unless otherwise indicated, we focus our discussion from here forward on the 50% ML majority rule consensus tree from the morphological ( fig. 2), molecular (fig. 3) , and combined morphological ϩ molecular ( fig. 6 ) data sets. We will also discuss the optimal ML topology inferred from the combined analysis ( fig. 4) , especially when support is low.
Morphological Data and Phylogenetic Analyses
The morphological matrix is available in table C1. Sixtyseven of the 68 characters used in our analyses were parsimony informative. Approximately 10% of the data were missing in the MP analyses and 12% in the ML and BI analyses (ML and BI treat polymorphisms as missing data, hence the discrepancy in missing data). Missing data for each character ranged from 0% to ∼71% (table 3) . Missing data for each taxon ranged from 0% to ∼55%. Seventeen of the 81 taxa scored for morphology were missing data for 110% of the characters scored (table C1). Only four taxa had greater than 50% missing data: Paleoclusia (55%), Podostemoideae (53%), Weddellinoideae (53%), and Tristichoideae (53%).
The phylogeny inferred from our morphological data was less resolved but identified numerous clades in common with molecular phylogenies. When Paleoclusia was excluded, several clades were recovered that coincide with traditionally recognized taxa, including Bonnetiaceae, Cratoxyleae, Endodesmieae, Hypericaceae, Podostemaceae, Symphonieae, and Vismieae ( fig. 2) . MP tree searches resulted in 163 topologies of 398 steps (CI p 0.60, RI p 0.81, RC p 0.49). Taxa not previously included in molecular phylogenetic studies were placed with varying levels of support. The position of Neotatea (Calophyllaceae) was unresolved, but it was consistently placed within Calophyllaceae in the most parsimonious island of trees. Lebrunia (Calophyllaceae) was placed with strong support (96 BP) as sister to Endodesmia. Hypericum ellipticifolium (Hypericaceae) was well placed (83 BP) as a member 
Molecular Data and Phylogenetic Analyses
Topologies derived from the single-gene analyses were generally in agreement, except for two instances of strong conflict in Calophyllaceae. The first involved Mammea; Mammea americana L., Mammea siamensis T. Anderson, and Mammea touriga (C.T. White & W.D. Francis) L.S. Sm. formed a clade in all analyses, but the relationships between these closely related species differed between each data set. Using matK, M. touriga was sister to M. americana with 99 BP; using ndhF, M. touriga was instead more closely related to M. siamensis with 77 BP; and using rbcL, M. americana was most closely related to M. siamensis with 77 BP. These Mammea taxa also formed a clade in the matR topology, but none of its internal branches were supported with 170 BP. The second conflict involved the placements of Clusiella isthmensis Hammel and Kielmeyera petiolaris Mart. Using matR, Clusiella was sister to Haploclathra paniculata Benth. ϩ Caraipa savannarum Kubitzki with 91 BP; using ndhF, K. petiolaris was sister to H. paniculata ϩ C. savannarum with 100 BP. These conflicts appear to be related to insufficient taxon sampling in Calophylleae for these genes. None of these conflicts were present in Ruhfel et al. (2011) , which included many more Calophyllaceae. Given the relatively few instances of conflict and because our combined topology was similar to Ruhfel et al. (2011) , we analyzed these four genes simultaneously.
The aligned molecular data set of all four genes included 5988 nucleotide bases (1412 of which were parsimony informative) and 61 taxa, including three outgroups. MP searches resulted in 289 topologies of 4978 steps (CI p 0.64, RI p 0.82, RC p 0.52). The 50% majority rule ML topology is very similar to Ruhfel et al. (2011) . The clusioid clade and all five families received strong support (100 BP; fig. 3 ). Interfamilial relationships were the same as reported previously (Wurdack and Davis 2009; Ruhfel et al. 2011; Xi et al. 2012 ). In addition, support for some areas in our topology improved from Ruhfel et al. (2011) . In particular, we recovered a strongly supported (94 BP) Garcinieae and increased support along the backbone of Symphonieae. There were also areas of the phylogeny where support values declined, but this was pronounced only within Hypericum.
Combined Morphological and Molecular Data and Phylogenetic Analyses
We observed two instances of conflict in Garcinieae ϩ Symphonieae between the morphological ( fig. 2) and molecular ( fig. 3) phylogenies inferred using ML. The first involved the placement of Garcinia macrophylla and Garcinia urophylla in the molecular phylogeny and the associated representatives of these species in the morphological phylogeny, Garcinia p.p. (Rheedia spp.) and Garcinia morella, respectively (table 1). Using morphology ( fig. 2) , these taxa are sisters with high support (82 ML BP). In the molecular topology (fig. 3) , G. macrophylla is instead sister to Allanblackia sp. with moderate support (76 ML BP). The second involved the placement of Allanblackia. Using morphology ( fig. 2) , Allanblackia is sister to Symphonieae with moderate support (78 ML BP). In the molecular topology ( fig. 3) it is sister to G. macrophylla with moderate support (76 ML BP). The molecular data could not reject ( ) Allanblackia as a member of the Sym-P p 0.0697 phonieae clade. The molecular data, however, rejected (P p ) G. macrophylla and G. urophylla as sister taxa. The 0.0023 morphological data rejected each of our constraint searches: Allanblackia sister to Garcinia p.p. (Rheedia spp.; P p ) and Septogarcinia sumbawaensis sister to G. morella 0.0216 ( ) .
The results of analyzing several variations of our morphological and combined data sets with different taxon and morphological character sampling were largely consistent with those presented below. Additional conflicts were evident only when analyzing a reduced morphological data set (independently or in combination with molecular data) that included only those characters scored for Paleoclusia. For instance, some genera (e.g., Mesua) were no longer supported as monophyletic, indicating that the characters removed (mostly vegetative and anatomical) were informative for inferring phylogenetic relationships. Because vegetative and anatomical characters appear to be important for placing taxa, we feel that the best estimate of the clusioid phylogeny is derived from the use of all characters and all taxa.
Our combined data matrix included 84 taxa and 6056 characters (∼48% missing data; table 2). Of the 84 taxa, 23 taxa (including Paleoclusia) were scored only for morphology, 58 taxa were scored for morphology and molecular data, and three taxa (outgroups) were scored only for molecular data. When analyzing the combined data set without Paleoclusia, MP searches resulted in 187 topologies of 5408 steps (CI p 0.63, RI p 0.81, RC p 0.51). The clusioid clade and each of its major subclades were generally strongly supported (180 BP; figs. 4, 6), and results were largely consistent with the separate analyses of the morphological and molecular data sets (figs. 2, 3). The combined topology ( fig. 6 ) was less resolved than the molecular topology ( fig. 3 ) in several key areas, especially in Calophylleae, Clusieae, Garcinieae, and Symphonieae. This is perhaps due to conflicting signal in the morphological data set, even though very few of these conflicts were strongly supported (see "Discussion").
All extant taxa scored only for morphology were generally Analyses including Paleoclusia produce a dramatic drop in support along the backbone of the tree ( fig. 5 ), but relationships among extant taxa remain unchanged ( fig. 6 ). MP tree searches resulted in 132 topologies of 5411 steps (CI p 0.63, RI p 0.81, RC p 0.51). In our MP trees Paleoclusia was placed in four positions near or within Clusiaceae s.s.: sister to Clusiaceae s.s., sister to Symphonieae ϩ Garcinieae, sister to Symphonieae, and sister to Clusieae. In the optimal ML topology, Paleoclusia was placed within Garcineae sister to Allanblackia (!50 BP). Support was weak (57 BP) for an unresolved clade containing Paleoclusia and the two major lineages of Clusiaceae s.s. (fig. 5 ). BI analyses differed in the placement of Paleoclusia by weakly (64 PP) placing it in a trichotomy with the two main clusioid subclades ( fig. 5 ).
Ancestral State Reconstructions
CI, RI, and RC values for each character are listed in table 3. For brevity, we present only those ASRs that have been historically important for determining relationships in the clusioid clade and for characters that shed light on the placement of Paleoclusia (app. D, figs. D1-D24, available online). Characters in the latter group can be further divided into two categories. The first includes characters that can be scored for the fossil with the available material. These characters include aril presence/absence, presence/absence of an indumentum of unbranched unicellular hairs, filament attachment, filament thickness, anther orientation, pollen aperture number, ovules per carpel, style length, stylar fusion, and stigma surface. The second includes characters that cannot be scored but may be helpful in future studies if more complete material of this fossil is discovered.
Discussion
Comparison of the Morphological and Molecular Phylogenies
The topology inferred from morphological data ( fig. 2 ) was much less resolved than the one inferred from molecular data ( fig. 3 ). Despite this reduced resolution, several clades were recovered when analyzing the morphological data that reflect our current understanding of relationships within the clusioids . Bonnetiaceae, Hypericaceae, Podostemaceae, and the tribes Cratoxyleae, Endodesmieae, Symphonieae, and Vismieae were all identified as monophyletic. Calophyllaceae and Clusiaceae s.s., however, were not monophyletic. This may be due to uncertainty in the placement of Clusiella, Endodesmieae, and Podostemaceae as judged by their alternative placements in the MP trees (not shown). Analyses of the morphological data matrix that excluded these three clades, Paleoclusia, and the taxa involved in our strongly reported conflicts (Allanblackia, Garcinia morella, and Garcinia p.p. [Rheedia spp.]; see "Results") resulted in monophyletic Clusiaceae s.s. and Calophyllaceae. However, when Paleoclusia is included, Calophyllaceae and Clusiaceae s.s. are once again recovered as nonmonophyletic.
Clusiella, Endodesmieae, and Podostemaceae are perhaps causing a loss of resolution in the topology inferred from morphological data due to instances of convergence and highly modified morphologies. Clusiella is very similar to Clusia, and their similarity has been cited as an instance of convergent evolution (Hammel 1999b; Stevens 2007a) . Clusia and Clusiella share an epiphytic habit; dioecy; a resiniferous, nonfasciculate androecium; and sessile stigmas. Reasons for the conflicting placement of the poorly known Endodesmieae are less clear but may result from their vegetative similarity to Clusiaceae s.s. and their possession of fruits similar to Calophylleae (Notis 2004; Stevens 2007a ). Endodesmieae were placed either within Calophylleae or sister to Garcinia cymosa (K. Schum.) I.M. Turner & P.F. Stevens ϩ Garcinia p.p. (Pentaphalangium spp.) in the MP trees. Placement of Endodesmieae with these Garcinia taxa is likely due to the shared features of a fasciculate androecium and one ovule per carpel, which are features not found in Calophylleae (the sister group of Endodesmieae). It is not surprising that the inclusion of Podostemaceae causes loss of resolution for two reasons. First, the family cannot be easily compared with other angiosperm families because of its highly modified morphology (Cusset and Cusset 1988; Stevens 2007b) . Second, vegetative characters seem important in placing clusioid taxa: the decreased resolution in our topologies when these characters were excluded was dramatic (data not shown), and many vegetative characters cannot easily be scored for Podostemaceae (see "Material and Methods").
Combined Morphological and Molecular Analyses: The Placement of Previously Unsampled Taxa
Analysis of the combined morphological and molecular data set produced a much better resolved topology ( fig. 6 ) than the morphological data alone, especially when Paleoclusia was excluded. However, the topology from the combined analysis is less resolved than the topology produced using molecular data alone ( fig. 3 ). This reduction in resolution and support may result from conflicting phylogenetic signal in the two data sets (see above). Despite this reduction in overall support, there are two reasons to have confidence in our combined results. First, there is a high degree of topological similarity, especially along the backbone of the topology, between the combined results and the results derived only from molecular data. Second, our morphological data set appears to have sufficient signal to place taxa scored only for morphology, at least when analyzed in combination with the molecular data. This is evident because extant taxa scored only for morphology are generally well placed with their closest relatives as proposed in earlier taxonomic classifications (see below; table 1; fig. 6 ).
We will focus our discussion on the placements of four taxa that have received little previous attention (Hypericum ellipticifolium, Neotatea, Lebrunia, and Thysanostemon) and then briefly comment on relationships within Vismieae. Neotatea was originally described as a genus of Bonnetiaceae (Maguire 1972) and was subsequently treated within that family as a species of Bonnetia (Steyermark 1984) . However, these placements were problematic due to its possession of unilacunar nodes, exudate, indumentum, smooth stigmatic surfaces, and anther glands. More recently, it was transferred to Clusiaceae s.l. (including Calophyllaceae and Hypericaceae; Weitzman and Stevens 1997) and subsequently placed in tribe Calophylleae (Stevens 2007a) . Our results are consistent with this later hypothesis of relationships. Neotatea, a Neotropical genus, is supported as a member of Calophylleae (76 BP) and is placed within a Neotropical clade including the genera Caraipa, Clusiella, Haploclathra, Kielmeyera, Mahurea, and Marila. This clade is not well supported (62 BP; fig. 6 ) in our combined analysis but receives strong support in our molecular analyses (91 BP; fig. 3 ). In addition to the biogeographic support for this placement, Neotatea is a good fit morphologically with members of this clade. It has alternate leaves and winged seeds, which is a combination of clusioid characters found only within this subclade of Calophyllaceae. Furthermore, the Neotropical genera of Calophylleae tend to have terminal inflorescences, five sepals and petals, and three carpels. In contrast, the primarily Old World members of Calophylleae (Calophyllum, Kayea, Mammea, Mesua, and Poeciloneuron) mostly possess axillary inflorescences and two to four sepals, petals, and carpels. Within this Neotropical clade, Neotatea is poorly supported (61 BP) as sister to Mahurea. This placement is also supported by Notis (2004) . That study found Neotatea to be sister to Mahurea based on the shared presence of seeds with a vascularized wing that does not completely encircle the seed. In our optimal ML topology ( fig. 4) , and in the MP strict consensus tree (not shown), Neotatea is placed with weak support (!50 BP) in a clade with Clusiella, Marila, and Mahurea. Two morphological characters define this clade: the presence of a lignified exotegmen and a ratio of cotyledon to hypocotyl ϩ radicle between 0.2 and 2. All other Calophyllaceae lack a lignified exotegmen and have a ratio of cotyledon to hypocotyl ϩ radicle greater than 2. The type of seed wing may also be relevant to understanding relationships in this clade. In our morphological data set we have scored winged seeds as equivalent, but it may be that the seed wing of the Kielmeyera ϩ Haploclathra ϩ Caraipa clade is independently derived from the seed wing found in the in the Neotatea ϩ Mahurea clade. In the former clade the wing lacks vascular tissue and completely surrounds the seed while in the latter the wing is vascularized but does not completely surround the seed (Notis 2004) .
The second unplaced genus in Calophyllaceae, Lebrunia, is considered a close relative of Endodesmia, which together constitute Endodesmieae (Stevens 2007a; Ruhfel et al. 2011) . Endodesmia and Lebrunia are each monotypic and found in western tropical Africa. In our combined analyses, as in the morphology analyses, these taxa are strongly supported (92 BP) as sister clades. They each possess a single, apical ovule and a one-carpellate gynoecium, the latter of which was found to be a synapomorphy for this clade ( fig. D1 ).
Hypericum ellipticifolium (Hypericeae), previously placed in the monotypic genus Lianthus from China, remains unplaced with molecular data. In our combined analyses H. ellipticifolium is strongly placed (94 BP; fig. 6 ) in the largely unresolved subclade Hypericeae. In Hypericaceae, staminodes are present in all members of Cratoxyleae and Vismieae. In Hypericeae, however, staminodes are present only in Hypericum sections Adenotrias and Elodes (represented in our study by Hypericum aegypticum L. and Hypericum elodes L., respectively; Robson 1996) and the former generic segregates Lianthus, Santomasia, Thornea, and Triadenum . All sampled Hypericeae taxa with staminodes were placed in the same nested subclade of Hypericum by Ruhfel et al. (2011) . In contrast to our results, H. ellipticifolium (i.e., Lianthus) was found to be sister to Hypericum in a morphological analysis of the genus with much better taxon sampling (Nü rk and Blattner 2010). Future work should concentrate on gathering additional material of H. ellipticifolium. There are very few herbarium specimens of this species, some details of its floral morphology are unclear, and efforts to extract DNA from available material have been unsuccessful .
The remaining unplaced genus is the poorly known Thysanostemon (Symphonieae; Clusiaceae s.s.) from Guyana. Thysanostemon is a member of the tribe Symphonieae and has been suggested to be closely related to Lorostemon (Seetharam 1985) . Our results uncover a well-supported clade (73 BP) of Lorostemon coelhoi, the Lorostemon bombaciflorum group, and Thysanostemon pakaraimae. Furthermore, our results indicate that Lorostemon is not monophyletic because Thysanostemon is more closely related to the L. bombaciflorum group (70 BP) than the later is to other members of Lorostemon. Both Lorostemon and Thysanostemon have pollen with supratectal elements, a feature not present in other Symphonieae (Seetharam 1985) . Thysanostemon is similar to other Symphonieae in having porose stigmas with no exposed stigmatic surface, which is an apparent synapomorphy for the tribe. It is further supported as embedded within the Symphonieae by the presence of an androgynophore, a trait that all Symphonieae, except Symphonia, share. Members of this clade also possess anthers longer than 6 mm, a trait that is otherwise observed only in the Calophyllaceae taxa Neotatea and Poeciloneuron pauciflorum. Thysanostemon also has papilate filaments, which is a trait found only in the Symphonieae taxa Platonia, Moronobea, Montrouziera, Thysanostemon, and Lorostemon. However, this character is not constant within these taxa; L. bombaciflorum lacks papillate filaments and Montrouziera is polymorphic for this character. Elongated flower buds are found only in Symphonieae, where they occur in Lorostemon, Thysanostemon, and Moronobea (polymorphic). Relationships among these taxa are poorly supported, so it remains to be seen whether this character defines a clade. Any nomenclatural changes should be deferred until molecular data are available for the poorly known Thysanostemon (Stevens 2007a). Previous attempts to extract DNA from Thysanostemon using available herbarium vouchers have been unsuccessful .
Vismia and Psorospermum are not monophyletic ( fig. 6 ), further stressing the need for phylogenetic and taxonomic work in Vismieae. Furthermore, our results suggest that the African and Malagasy members of Vismieae do not form a monophyletic group and that Neotropical Vismia (represented by the Vismia cayennensis group) are embedded among these taxa. This result is similar to the topologies presented in Ruhfel et al. (2011) , where Neotropical representatives of Vismia were monophyletic and embedded within a clade of African and Malagasy taxa. Ruhfel et al. (2011) suggested that three genera of Vismieae could be recognized (i.e., Harungana, Psorospermum, and Vismia) but are in need of taxonomic revision with respect to current circumscriptions. Vismia should be restricted to Neotropical Vismia species, Harungana should be expanded to include Vismia rubescens, and Psorospermum should be expanded to include all other African and Malagasy species of Vismieae. Our results here further support these ideas, but the support for the clade representing the recircumscribed Psorospermum is weak (54 BP). A more detailed molecular and morphological study of Vismieae is necessary before any taxonomic changes are made.
Ancestral State Reconstructions
Several characters have been historically important for determining relationships in the clusioid clade. Alternate leaf insertion was often thought to "link" Clusiaceae s.l. to the Theaceae s.l. (Baretta-Kuipers 1976; Cronquist 1981; Takhtajan 1997) , but subsequent phylogenetic evidence placed Theaceae s.l. in the asterid order Ericales (see Stevens 2001-; APG III 2009 and references therein) . ASRs of this trait ( fig. D2 ) reveal that the clusioid clade possessed opposite/whorled leaves ancestrally and that alternate leaves evolved at least four times within the group: in Bonnetiaceae, in two subclades of Calophyllaceae (Mahurea ϩ Neotatea and Caraipa ϩ Haploclathra ϩ Kielmeyera), and in the Psorospermum febrifugum group. The ASR of the most recent common ancestor of the Caraipa ϩ Haploclathra ϩ Kielmeyera clade is ambiguous for this character (alternate p 0.47, opposite or whorled p 0.53)-it is unclear whether there is one gain of alternate leaves at this node and a reversion to opposite leaves in Haploclathra or two independent gains of alternate leaves, once in Caraipa and again in Kielmeyera. Podostemaceae were not scored for this character due to the uncertain homology of their vegetative structures. However, if Podostemaceae are indeed alternate as suggested by their gross morphology, this does not change the reconstruction of opposite/whorled leaves within the clade. Instead, alternate leaf insertion in Podostemaceae would represent another gain of alternate leaves. The P. febrifugum group is polymorphic for this character, and this variation could not be included in our ML reconstructions (polymorphic traits are not allowed). This composite terminal, however, is deeply embedded in a clade of opposite leaved terminals and thus represents an independent gain of alternate leaves.
Exudate (referred to as either latex or resin in the literature) is often considered a major identifying character of clusioid families, particularly Clusiaceae s.s., Calophyllaceae, and Hypericaceae. This is evident in the alternative name for Clusiaceae, Guttiferae, meaning "gum bearing." Our ASRs indicate that the presence of exudate is ancestral in the clusioid clade ( fig. D3 ) and that it has been lost independently in Bonnetiaceae, Podostemoideae, and Tristichoideae. Given the phylogenetic relationships within the clusioid clade, anatomical studies of Bonnetiaceae are needed to clarify the apparent absence of secretory tissues in this family. We scored Bonnetiaceae as lacking exudate, but Takhtajan (1997) describes the pith of species in this family as having secretory canals like Clusiaceae (cf. Baretta-Kuipers 1976) . The presence of exudate in Podostemoideae is polymorphic and thus not applicable for our ASRs. A detailed study of the distribution of exudate is needed in Podostemoideae to determine the number of gains and losses within the subfamily. Exudate has been reported only in Neotropical Podostemoideae to date (Cook and Rutishauser 2007) . We also suggest a detailed chemical analysis of exudates across the clusioid clade to determine the homology of these substances. In addition to the presence of exudate, the shape of exudate cavities in the mesophyll of the leaf (i.e., glands [spherical structures] Merosity in the clusioid clade has also been used to distinguish major groups. We have scored only sepal number because petal number is often similar. ASRs indicate that the crown clusioid clade as well the two major clusioid subclades are ancestrally five merous ( fig. D5 ). Podostemaceae have not been scored for this character and are thus not considered in the ASRs. No distinction can be made regarding sepals or petals in the family; perianth number in Tristichoideae is usually three, in Weddellinoideae five, and in Podostemoideae two to 20 (Cook and Rutishauser 2007) . When Tristichoideae and Weddellinoideae are scored as having three and five sepals, respectively, and Podostemoideae is left as unknown, the reconstructions of this character do not change elsewhere in the tree. Several independent shifts in merosity were detected in our data, particularly within Calophyllaceae and Clusiaceae s.s. While not represented in our scoring, four-merous flowers also occur in Hypericum, which is otherwise reconstructed as being ancestrally five merous.
The clusioid androecium shows variation in two potentially informative characters: androecium arrangement (fasciculate vs. not) and the presence of staminodes or fasciclodes in staminate or perfect flowers. The latter terms refer to sterile stamens or sterile fascicles of stamens. There may be some association between these two characters: taxa with fasciculate androecia often have fasciclodes. Stamen arrangement is reconstructed as equivocal at the clusioid crown node ( fig. D6 ), as well as at the other early-diverging nodes within the clusioid clade. The crown nodes of the following four clades are confidently reconstructed as having fascicled stamens: Archytaea ϩ Ploiarium, Endodesmieae, Garcinieae ϩ Symphonieae, and Hypericaceae. The arrangement of the androecium in Bonnetia needs further study. Steyermark (1984) reported Bonnetia as having fascicled stamens, but we did not observe them in bud or flower. Podostemoideae were scored as polymorphic for this character but the fused stamens present in many members of the subfamily likely represent at least one additional origin ( fig. D6 ). Fasciclodes or staminodes in staminate or perfect flowers appear to have arisen three times independently ( fig. D7 ): in Hypericaceae, a subclade of Symphonieae (all Symphonieae, minus Symphonia), and a subclade of Bonnetiaceae. However, there are several points to keep in mind regarding the ASR of this character. Within Bonnetiaceae, Archytaea is scored as polymorphic, so it is unclear whether staminodes arose in the common ancestor of Archytaea ϩ Ploiarium or independently within each genus. Furthermore, what we have scored as staminodes within Symphonieae are of uncertain origin, but previous authors have interpreted them as staminodial (Robson 1961) . We have scored Symphonia as inapplicable for this character; a perhaps staminodial structure is present in Symphonia but lies outside of the fused ring of fertile stamens. If this structure were staminal in origin, then the origin of this character state would be moved down one node to include all Symphonieae. Similar structures in Garcinieae were recently determined not to be of staminal origin (Sweeney 2010) , as such Garcinieae are scored here as not possessing staminodes. Our ASRs suggest that these structures have arisen multiple times within the clusioid clade, and more work is needed to explore their developmental origins.
Carpel number is also of interest in the clusioid clade ( fig.  D1 ). The ancestral state at the crown node of the clusioid clade is ambiguous. The Clusiaceae s.s. ϩ Bonnetiaceae clade is ancestrally five carpellate, as is Clusiaceae s.s. Bonnetiaceae are also possibly five carpellate ancestrally, but Bonnetia is polymorphic for this character (three to five carpels), so the ancestral state at this node could not be confidently determined. The Calophyllaceae ϩ Hypericaceae ϩ Podostemaceae clade and each family within this clade are reconstructed as ambiguous.
Dioecy appears to have evolved at least four times within the clusioid clade ( fig. D8 ). It has arisen at least three times independently in Calophyllaceae (i.e., in Clusiella, Calophyllum, and Mammea) . This is likely an underestimate: dioecious species of Calophyllum are not likely to be monophyletic (Stevens 1974 (Stevens , 2007a . Reconstructions indicate crown Clusiaceae s.s. are ancestrally dioecious. Clusieae and Garcinieae are ancestrally dioecious (10.99 in each), while crown Symphonieae are not.
Placement of Paleoclusia
Our analyses suggest that Paleoclusia is closely related to Clusiaceae s.s. Morphological data consistently place it within Clusiaceae s.s. near Garcinieae or Symphonieae, but support for this placement is poor (!50 BP or PP). The combined analyses also place Paleoclusia with weak support (57 ML BP; fig.  5 ) as a member of the Clusiaceae s.s. and optimally as sister to Allanblackia (!50 BP). Similarly, the strict consensus of the most parsimonious trees placed Paleoclusia in a polytomy at the base of Clusiaceae s.s. but with weak support (54 MP BP; fig. 5 ). In these respects our MP and ML results agree with those of Crepet and Nixon (1998) , who placed Paleoclusia near Clusiaceae s.s. Bayesian analyses are consistent with this placement, but we have some reservations regarding the Bayesian results because studies suggest that missing data can be problematic for Bayesian analyses, at least in some cases (Lemmon et al. 2009; Wiens 2009 ; but see Wiens and Morrill 2011) .
Character states that support the placement of Paleoclusia with Clusiaceae s.s. include extrorse anthers; a five-carpellate gynoecium; short, fused styles; and dioecy. Extrorse anthers ( fig. D9 ) occur only in Clusiaceae s.s. but have arisen multiple times within this clade (in Allanblackia, Clusia s.l., and Symphonieae). Garcinieae could not be reliably assessed for this character because scoring anther orientation is problematic in these taxa: anthers are tightly clumped, and their orientation is unclear. A five-carpellate gynoecium is present in Paleoclusia and is also reconstructed as the ancestral condition in the Bonnetiaceae ϩ Clusiaceae s.s. clade ( fig. D1 ). Five carpels also occur in Hypericeae and Vismieae, but these taxa are dissimilar to Paleoclusia in important ways. Hypericeae often have stigmas with rounded papillae (fig. D18) fig. D8 ) occurs only in Calophylleae (Calophyllaceae), Clusieae, and Garcinieae (Clusiaceae s.s.). If Paleoclusia were indeed dioecious, its fasciculate androecium, five carpels, and short styles would make it a very poor fit in Calophylleae.
Two characters we did not include in our analyses, resin production in the anthers and pollen shape, also support the close relationships of Paleoclusia to Clusiaceae s.s. The production of floral resin is a rare condition in angiosperms; outside of the clusioid clade this is known only from the distantly related Dalechampia (Euphorbiaceae; Armbruster 1984; . Among the clusioids, resin production in the anthers is known only in Clusiella (Calophyllaceae), Chrysochamys, Clusia s.l., and Tovomitopsis (Clusiaceae s.s. ; Hammel 1999a; Gustafsson et al. 2007 ). However, a number of species in Caraipa and Marila (Calophyllaceae) and Hypericum (Hypericaceae) have "glands" of various morphologies between the anther thecae (e.g., our character 47), although what (if anything) they secrete is unknown. Within Clusieae it is likely that anther resin production has arisen at least five times independently: three times in Clusia and once each in Chrysochlamys and Tovomitopsis Gustafsson et al. 2007 ). Unfortunately, it may be difficult to confirm or refute the presence of resin in the anthers of Paleoclusia (Crepet and Nixon 1996) . The pollen of Paleoclusia also suggests a close relationship to extant Clusieae (Crepet and Nixon 1998) . Seetharam, who has conducted an extensive survey of pollen in the clusioid clade (excluding Podostemaceae; Seetharam 1985; Seetharam and Maheshwari 1986; Seetharam 1989) , considers the pollen of Paleoclusia most similar to the early-diverging members of Clusieae (Dystovomita, Tovomita, and Tovomitopsis; Y. N. Seetharam, personal communication) .
Variation in other characters, however, does not support the placement of Paleoclusia with Clusiaceae s.s. Paleoclusia has dorsifixed anthers, which are absent in Clusiaceae s.s.; this character otherwise occurs only in Bonnetiaceae, Calophyllaceae, and Hypericaceae ( fig. D12) . Paleoclusia also has an indumentum of unicellular hairs on its pedicle and receptacle (figs. 2-6 in Crepet and Nixon 1998), which is uncommon in Clusiaceae s.s. Unicellular hairs in Clusiaceae s.s. occur only in two of our included taxa, the L. bombaciflorum group (Symphonieae) and Garcinia dulcis (Garcinieae; fig. D13 ). Unicellular hairs arose independently in each of these groups, and it is unlikely that Paleoclusia is embedded within Garcinieae or Symphonieae for reasons discussed below. An indumentum of unicellular hairs is common in Calophyllaceae, but Paleoclusia would be a bad fit here for the same reasons listed above.
Paleoclusia certainly seems to be a member of the clusioid clade. Its placement is perhaps along the stem leading to crown Clusiaceae s.s. or even to one of its major subclades (ptribes). Thus, we will now discuss the possible affinities of Paleoclusia to the three extant tribes of Clusiaceae s.s. Clusieae are defined by the synapomorphy of an arillate seed ( fig. D16 ). The original publication of this fossil indicates that the seed of Paleoclusia is arillate (Crepet and Nixon 1998) ; however, our interpretation of this structure is that it is most likely an aborted seed (Stevens 2001-) . Without an aril, Paleoclusia would be a bad fit in crown Clusieae. In addition, its indumentum of unicellular hairs, fasciculate androecium, and filaments that are much thinner than its anthers ( fig. D17 ) suggest that a phylogenetic placement within extant Clusieae is unlikely. Clusieae, in contrast, are nearly always glabrous, their androecium is not fasciculate, and the filaments are approximately equal in thickness to the anthers.
Symphonieae are defined by the synapomorphy of having stigmas enclosed in a cavity. In Paleoclusia the stigmas are exposed. Several other characters scored here define subclades of Symphonieae, none of which are present in Paleoclusia: androgynophore, elongate flower buds, papillate filaments, fasciclodia, and anthers greater than 6 mm long. The filaments of Symphonieae are also not thinner than the anthers as in Paleoclusia. Finally, Symphonieae possess perfect flowers. If Paleoclusia truly is dioecious as indicated by Crepet and Nixon (1998) , it would also be a bad fit in this tribe.
The fossil shares some features with Garcinieae or one of its two major subclades: five sepals, fasciculate stamens, filaments thinner than the anthers, five carpels, and possibly dioecy. The pollen of Paleoclusia has three apertures in contrast to the ancestral condition of Garcinieae (more than three apertures; fig. D14 ); however, reversals to three apertures occur in this tribe. The optimal ML topology placed Paleoclusia within Garcinieae, as sister to Allanblackia. Although Allanblackia has multiple ovules per carpel, as does Paleoclusia, the two otherwise have nothing substantive in common. Garcinieae usually possess one ovule per carpel, and this is the ancestral condition in the clade ( fig. D15 ). Despite the fact that Paleoclusia shares many features with Garcinieae, the fossil is quite distinct from the major subclades in this group. The Garcinieae subclade that includes G. dulcis and Allanblackia is defined by having nectariferous floral structures (lineage A in Sweeney 2008), which are not seen in Paleoclusia. Lineage B of Sweeney (2008) lacks these nectariferous structures, but species in this clade usually have four ( fig. D5 ) sepals, not five as in Paleoclusia.
Given the generally well-supported placements of extant morphology-only taxa in our combined analyses, we have good reason to believe that our morphological characters are sufficient to place taxa with strong support. The uncertainty in the placement of Paleoclusia could be due to the lack of better vegetative and anatomical data as well as its possession of a combination of floral characters unlike any taxon in the clusioid clade. Vegetative characters indeed do seem important in placing clusioid taxa using morphology. When these characters are excluded from analysis (see "Material and Methods"), the placements of some taxa changed dramatically and resolution was noticeably decreased. If more complete material of Paleoclusia is found, it will likely improve our ability to place this fossil. Based on our ASRs, characters that would be especially helpful in clarifying the placement of Paleoclusia would be the position of phellogen initiation in the root and stem (figs. D19, D20, respectively), cortical sclereid presence and shape ( fig. D21) , shape of exudate containing structures in the mesophyll (i.e., glands or canals; fig. D4 ), inflorescence type ( fig. D22 ), fruit type ( fig. D23) , and especially cotyledon to hypocotyl ratio ( fig. D24 ). Determining the relationship of Paleoclusia to other clusioids is especially important in understanding the biogeographic history of the clade. At the time of deposition the fossil locality in New Jersey was in Southern Laurasia in a subtropical to tropical environment (Crepet and Nixon 1998) . Most extant members of the clusioid clade are found in similar environments but in regions that are farther south, mostly on former Gondwanan fragments.
Placement of Paleoclusia for Divergence Time Estimation
The use of fossils as age constraints in divergence time estimations studies is now commonplace. Here, we place the important rosid taxon Paleoclusia consistently with Clusiaceae s.s. but without strong support. Until Paleoclusia is placed more confidently, we have two recommendations for its placement as a fossil age constraint. The first would be to consider the fossil as a crown group minimum age constraint of Clusiaceae s.s. The second would place Paleoclusia as a stem group minimum age constraint of Clusiaceae s.s. The first approach would likely result in older age estimates within the clusioid clade; the second approach would likely result in younger ages. Preliminary divergence time estimates of the clusioid clade (Ruhfel 2011 ) using a Bayesian approach (Drummond and Rambaut 2007) and treating Paleoclusia as a member of the Clusiaceae s.s. stem lineage estimated crown group clusioids at 102.9 Ma (minimum p 92.3, maximum p 113.7).
Several previous studies have used Paleoclusia as an age constraint in dating analyses. Most of these studies (Davis et al. 2005; Wang et al. 2009; Bell et al. 2010; Arakaki et al. 2011; Clarke et al. 2011 ) have used constraints that agree with our recommendations given their taxon sampling. However, other studies have placed Paleoclusia in positions that differ from our recommendations (Crepet et al. 2004; Magalló n and Castillo 2009; Xi et al. 2012 ). An additional issue with some of these previous studies regarding the placement of this fossil as a constraint is that the phylogenies used are not in agreement with more recent studies of Malpighiales. The phylogenetic history of Malpighiales is now much more resolved and much better supported (Xi et al. 2012) . For example, in Bell et al. (2010) , Paleoclusia is placed as a crown group member of a clade ([Malpighiaceae ϩ Euphorbiaceae] ϩ the clusioids) that we are now confident does not exist. Regardless of the exact placement of Paleoclusia within the clusioids, what is clear is that its nested position within the rosids reinforces the hypothesis that the radiation of angiosperms since the origin of the eudicots at ∼125 Ma (Magalló n et al. 1999; Sanderson and Doyle 2001) was exceptional.
Conclusions and Future Directions
The results presented here have helped to resolve the clusioid phylogeny and provide a greatly improved understanding of morphological evolution in the group. We also provide additional support for the idea that with sufficient morphological data, taxa that are unavailable for molecular analysis can be placed with certainty using a combined analysis of molecules and morphology (Wiens 2009; Wiens et al. 2010) . The placement of Paleoclusia is perhaps along stem Clusiaceae s.s. or along the stem of one of its two major subclades. Our ASRs further corroborate this placement, but support is not strong.
Further clarifying the number of origins of dioecy in the clusioid clade, particularly in Calophyllum, will greatly aid our attempt to assess the correlates of shifts in diversification rates in the group. Although dioecious clades in general have been shown to be species poor in relation to sister clades with perfect flowers (Heilbuth 2000) , they tend to be more species rich when associated with traits that are common in many clusioids such as fleshy fruits, tropical distributions, and woody growth form (Vamosi and Vamosi 2004) . Interestingly, some dioecious clades in Clusiaceae s.s. are quite species rich (e.g., Clusieae, ∼387 spp.; Garcinieae, ∼270 spp.) whereas those in Calophyllaceae are relatively species poor (e.g., Clusiella, 7 spp.; Mammea, ∼75 spp.; Stevens 2007a). A comparative methods approach will assist in determining the evolutionary correlates of the seemingly different rates of speciation observed in certain dioecious clades.
Finally, several important taxa in the clusioid clade remain to be sampled with molecular data, and key areas in the topology remain unresolved or poorly supported. Future taxon sampling should focus on these unsampled taxa and on expanding sampling in several of the large clusioid genera. In addition to expanded taxon sampling, additional molecular characters should also be sought, particularly from the nuclear genome. Further work should also focus on improving the morphological data set for the clusioid clade. Ideally, terminals should be coded at the species level rather than as composites; however, choosing appropriate representative species will require a much better understanding of relationships in many large clusioid subclades (e.g., Clusieae, Hypericum, and Mammea) . A better understanding of phylogenetic relationships and morphological evolution in the clusioid sister group, Ochnaceae s.l., and more broadly in Malpighiales will help to polarize characters in the clusioid clade and aid in selecting appropriate outgroups for an expanded morphological analysis.
